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ABSTRACT 


This analysis determines the effect of higher overall engine 
pressure ratios (OPR's), bypass ratios (BPR's), and turbine rotor- 
inlet temperature on a Mach-0.85 transport having a range of 
5556 km (3000 nmi) and carrying a payload of 18144 kg (40 000 lbs- 
200 passengers). Sideline noises (jet plus fan) of between 91 and 
106 EPNdB (FAR36) are considered. Takeoff gross weight (TOGW) , 
fuel consumption (kg/pass, km) and direct operating cost (DOC) are 
used as the figures of merit . Based on predicted 1985 levels of 
engine technology and a noise goal of 96 EPNdB, the higher-OPR engine 
results in an airplane that is 18 percent lighter in terms of TOGW, 
uses 22.3 percent less fuel, and has a 14.7 percent lower DOC than 
a comparable airplane powered by a current turbofan. Cooling the 
compressor bleed air and lowering the cruise Mach number appear 
attractive in terms of further improving the figures of merit. 
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PRELIMINARY STUDY OF ADVANCED TURBOFANS FOR 
LOW ENERGY CONSUMPTION 
by G. Knip 

Lewis Research Center 


SUMMARY 

The present analysis determines the effect of higher overall 
engine pressure ratios (OPR's), bypass ratios (BPR's) and turbine 
rotor-inlet temperatures on a Mach-0.85 transport having a range of 
5556 tan (3000 nmi) and carrying a payload of 18144 kg (40 000 lb- 
200 passengers). 0PR T s of 30, 35, and 40 are considered. For each 
OPR, three fan pressure ratios (FPR’s) 1.5, 1.6, and 1.7 are studied. 
Turbine rotor- inlet temperatures as high as 1922 K (3460° R) are con- 
sidered. Sideline noises (jet plus fan) of between 91 and 
106 EPNdB (FAR 36) are investigated. To achieve the lower noise, a 
maximum of 20 PNdB of turbomachinery noise suppression is assumed. 
Takeoff gross weight (TOGW) , fuel consumption (kg/pass, km), and 
direct operating cost (DOC) are used as the figures of merit. The 
results are compared with those achieved with a comparable airplane 
powered by current turbofans. The sensitivity of the figures of 
merit to predicted 1985 levels of engine technology is determined. 

The effects of cooling the compressor bleed air (for turbine 
cooling), and reducing the cruise Mach number on the various figures 
of merit are determined. 


Compared with a current separate-flow turbofan (FPR - 1.69, 
0PR cr = 28, BPR = 6, T, = 1489 K (2680° r)) , a higher C 5pR engine 

(FP cr * 1 * 6 » °*cr = 40, EPR cr = 10.4, = 1783 K (3210° R) using 

a more advanced turbine cooling scheme (full-coverage film) results 
in a 6 percent reduction in cruise SFC. This is the optimum engine 
for a noise goal of 96 EPNdB. Based on predicted 1985 technology, 
this engine results in an airplane that is 18 percent lighter in 
terms of TOGW, uses 22.3 percent less fuel, and has a 14.7 percent 
lower DOC. Cooling the compressor bleed flow results in a 3 percent 
reduction in cruise SFC. Reducing the cruise Mach number from 0.85 

to about 0.78 appears attractive in terms of reduced TOGW and fuel 
consumption. 


INTRODUCTION 

Because of present and future shortages of fossil fuels, the 
°^-i -< i e P en< ien t industries must work at reducing their present rate 
of consumption. Only in this way can we conserve the world supply of 
crude oil. To this end studies are now being conducted in the 
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aviation industry and by government agencies to reduce the fuel con- 
sumption of the turbofan engine. This engine powers most of today's 
commercial transports . 

The development of the turbofan engine over the past 10 years is 
indicated in figure 1 (ref. 1). During this time period engine 
specific fuel consumption (SFC) has been reduced by 25 percent 
(fig. 1(a)). This decrease in SFC resulted mostly from advances in 
compressor blade loading, air-cooled turbine technology, and improved 
materials to name a few. These advances in technology permitted the 
sea-level turbine temperature (T, ) to be increased from 1200 K 

(1700^) to!622 K (2460° F) (fig. life)). During this same period engine 
overall pressure ratio (OPR) has increased from 15 to 30 (fig. 1(c)). 
Engine bypass ratio (BPR) has increased from approximately 1. 0 
(fig. 1(d)) in 1964 to about 6 in 1974. These trends are likely to 
continue . 

Reference 2 indicates that an additional 15 percent improvement 
in cruise SFC may be possible by designing the turbofan to operate at 
still higher BPR's, OPR's, and T 's. Other approaches being con- 
sidered to conserve fuel include variable-area turbines, variable-area 
nozzles, and cycle modifications such as intercooling and regeneration 

The present study considers the effect of higher BPR's, OPR's, 
and T 's on the performance of a separate-flow-turbofan in terms of 
vehicle takeoff gross weight (TOGW), fuel used per passenger 1cm (nmi) 
and direct operating cost (DOC). Airplane range was fixed at 5556 km 
(3000 nmi) for a payload of 18144 kg (40 000 lb) (200 passengers). 

The vehicle cruises at Mach-0. 85 at an initial altitude of 12.19 km 
(40 000 ft). BPR's as high as 13, OPR's as high as 40, and T^’s as 
high as 1922 K (3460°R) are considered. The results are compared with 
those obtained with current engines based on 1973 engine technology. 
Noise goals as low as FAR36-15 (91 EPNdB) are considered using a 
maximum of 20 PNdB of turbomachinery suppression. The sensitivity of 
airplane TOGW, fuel used per passenger km (nmi) and DOC to cruise 
Mach number and predicted 1985 engine technology is determined. 


ANALYSIS 

The vehicle used in the present study is a three-engine, turbofan 
powered airplane (fig. 2) having a range of 5556 km (3000 nmi) and a 
payload of 18144 kg (40 000 lb) (200 passengers). It cruises at 
Mach-0.85 at an initial altitude of 12192 m (40 000 ft). Noise goals 
of between FAR36 (106 EPNdB) and FAR36-15 are considered. TOGW, fuel 
used per passenger km (nmi) and DOC are used as the figures of merit. 
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Reference TOGW and Airframe Weight 


The ground rules used in this study pertaining to the airframe 
with which to match the various parametric engines are the same as 
those used in references 3 and 4 for the Advanced Technology Transport 
(ATT) using a supercritical wing and an aluminum structure. The 
variation in airframe weight with TOGW is shown in figure 3. Total 
range is calculated by the following equation. 


R = 648.2 + 


(L/D) 


M C 
cr cr s 

SFC 
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start cr 
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The 648.2 km (350 nmi) term represents the climb range 
200 nmi) plus the letdown range (277.8 km - 150 nmi). 
the right side of the equation represent the range for 


(370.4 km - 
Other terms on 
a Rrequet cruise. 


Fuel for climb and letdown was estimated by the following equations. 


Fuel climb 


TOGW 

175086 


x 9072, kg 


(Fuel climb = 


TOGW 

386000 


x 20 000 , 


lbs) 


Fuel 


letdown = 


TOGW 
175086 X 


907.2, 


kg 


(Fuel letdown = 330 QQQ x 2000, lbs) 

These values are again based on reference 3 for an airplane having a 
TOGW of 175086 kg (386 000 lb) . The 9072 (20 000) and 907.2 kg 
(2000 lbs) represent the fuel assumed for climb and letdown of that 
airplane. The reserve fuel is assumed to be 18 percent of the total 
fuel load. The payload consists of 200 passengers or 18144 kg 
(40 000 lb) . 


Engines 

The figures of merit (TOGW, fuel used per passenger km (nmi) , and 
DOC) used in this study are influenced not only by engine cycle 
parameters (OPR, BPR, and T^) , but also engine weight and component 
efficiencies. These last two technologies are being advanced con- 
tinually. For the present study which considers the effect of higher 
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BPR’s, OPR’s, and T *s on the performance of a separate f low- turbofan , 
current-technology levels of engine weight and component efficiencies 
are used. However, the effects of engine weight and component effi- 
ciencies on the figures of merit are also determined for the optimum 
engine based on predicted 1985 levels of technology. 

Diameter and weight .- Engine diameter and base engine weight are 
calculated by the procedure of reference 5. Included in the weight of 
the base engine are the effects of BPR, OPR, and . This procedure 
results in an uninstalled thrust-weight ratio of 6.3 (when the year 
is input as 1973 in ref. 5) versus 6 for a current high BRR engine 
now in service. 

In addition to the weight of the base engine, each engine is 
assumed to have an installation weight of 1.42 kg/sec (3,13 lb/sec) 
times the corrected total airflow at takeoff. This weight is based 
on empirical data for existing high BPR engines used in wide-body 
commercial transports. The 1985 goal in terms of engine weight is a 
20 percent improvement in installed engine weight. This was accom- 
plished in the present study by substituting the year 1985 into the 
equations of reference 5 and using the same installation factor. 

Suppression.- Acoustic lining and splitters were assumed for the 
inlet and duct walls to reduce the fan machinery noise. Different 
amounts of treatment are required to achieve different amounts of 
suppression. A sketch of a high BPR, separate-flow turbofan engine 
with acoustical treatment is shown in figure 4. A maximum of 
20 PNdB of suppression is assumed for the present study.' The actual 
suppression configuration varied from linings only for 5 PNdB of 
suppression to linings plus three inlet and two duct splitter rings 
for 20 PNdB. Performance losses and weight penalties associated with 
various amounts of suppression are indicated in figure 5. The dashed 
curves represent current estimates by General Electric and the VTOL 
and Noise Division at the Lewis Research Center. The solid curves 
are from reference 3 and are based on initial ATT study results. 

Since fan noise (discussed later) is of the order of 106 EPNdB 
(FAR36) , then approximately 15 PNdB of suppression would be required 
to achieve FAR36-15. At these noise levels, the penalties associated 
with the dashed data would probably be prohibitive. Therefore, for 
the present study, the more optimistic data of reference 3 is used. 
Front-end noise may be better handled by means of a sonic inlet. 

Based on reference 6, 20 PNdB of suppression may be achieved by this 
means. However, a sonic inlet will not reduce noise generated from 
the rear of the engine. The suppression weight penalty was scaled 
with engine diameter for other size engines. 
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Performance and sizing .- Engine performance calculations were made 
for each of the two-spool, separate-flow turbofan engines considered 
in the study. For each of the three overall pressure ratios evaluated 
(30, 33, 40), three fan pressure ratios (1.5, 1.6, 1.7) were considered. 
As in reference 3, single-stage fans were assumed. The study considers 
bypass ratios as high as 13. The engines were operated off-design at 
takeoff with T^ equal to 1784 K (3210° R) and sized for a (F/WG) SLS of 
0.319. The temperature required at cruise (for T = D) was always found 
to be at least 150° less than T^ at takeoff, which is desirable for 
engine durability. A range of cruise or design turbine rotor-inlet 
temperatures of from 1422 K (2560° R) to 1922 K (3460° R) was inves- 
tigated to assure that cruise SFC was not penalized by this sizing 
process. The value of (F/WG) is based on the thrust lapse data and 
the schedule of S.L.S. thrust-TOGW ratios presented in reference 3 for 
high bypass ratio engines. 

The design fan and compressor efficiencies used in the study are 
shown in figures 6(a) and (b) , respectively. Also indicated are effi- 
ciencies for a current high bypass ratio turbofan. Other design 
parameters are listed in table I. Based on reference 7, current annular 
combustors have efficiencies near 100 percent and pressure losses of 
4 percent. The turbine efficiencies are based on reference 8 for 
current cruise engines. An inlet pressure recovery of 0.98 is used in 
the study. Since completing the study the author has learned that 
current recoveries for the wide-body jets are approaching 1.0. How- 
ever, this will not affect the relative comparisons presented in this 
study between the current and advanced turbofans. The other design 
point parameters are representative of current cruise engines. 

All off-design performance was calculated with a component 
matching computer program called GENENG (ref. 9). This program uses 
component maps in the matching procedure. In matching the components, 
the nozzle exhaust areas remain fixed at the design point. No 
customer bleeds or horsepower extraction was considered. 

Cooling . - Turbine cooling requirements are based on the procedure 
given in reference 4 using full-coverage film cooling. A brief out- 
line of the procedure is given here. To determine, the total cooling 
requirements, the number of turbine stages must be known. For the 
present study, the high-pressure turbine is assumed to consist of one 
stage. This may be slightly optimistic. Based on current turbine 
stage work factors for high-pressure turbines and the variations in 
turbine work required for the OPR's considered, a two-stage turbine 
may be required. However, turbines having higher stage work factors 
are currently being investigated. A booster stage would also decrease 
the work required from the high-pressure turbine. 



6 


The present cycle calculations use T^, turbine-rotor inlet tem- 
perature as an independent variable. Therefore, cooling air for the 
high pressure stator was not included. Any stator cooling air is in- 
cluded in the combustor airflow and is not calculated. The number of 
low pressure turbine stages is calculated using the equation from 
reference 4 (based on a current turbine work factor of 2.5). 

9660(1 + BPR;(P 6 /P 1 )DH 5 
Number of stages - 1 

[1 + FA. (1 - BLEED ^ _)]V* _ . A/T./T, 

4 total fan-tip V 6 1 


where 


FA^ is the fuel-air ratio at the turbine rotor-inlet station 

P /P is the total pressure at the low-pressure turbine exit station/ 

total pressure at the fan face station, lb/ft 2 


V T i 


is the total temperature ratio, °F 


DH 


5,6 


is the change in enthalpy between the high pressure turbine 
exit station and the low pressure turbine exit station, 
BTU/ lb 


and BLEED is the total cooling bleed for both turoines plus 

shroud and t wa?I cooling expressed as a fraction of compressor exit 
airflow. These terms are determined from the cycle calculations. The 
schedule of corrected tan-tip speed (Vf an _ t ip) used in the stuay is 
shown in figure 7 (ref. 4). The curve is a linear approximation tangent 
to the curve in reference 10 for a fan blade loading of 0.3 ^current 
technology) at a fan-tip speed of 190u ft/sec. This procedure gives 
good results when compared with more elaborate methods of estimating the 
number of stages. 

Knowing the number of stages, and the enthalpy and temperature 
drop across eacn stage from cycle calculations, and the temperature of 
the cooling air, the cooling bleed for a particular stage can be cal- 
culated using the bleed tlow schedule in reference 11. 

This schedule is based on laboratory tests of full-coverage film 
cooled vanes tested in Allison's high temperature cascade rig: The 

resultant cooling bleed requirements for similar engine conditions are 
lower than with current cooling methods such as convection- impingement 
film cooling. The blades are of advanced design using advanced 
fabrication techniques. Bulk metal temperatures of 1172 K ^2110° R) 
and 1367 K (2460° R) are assumed for the rotor blades and the stator 
vanes, respectively. These temperatures are lower than for advanced 
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blades using advanced materials with convection cooling due to oxi- 
dation problems associated with the coolant flow passages (ref. 12). 


Noise Calculations and Constraints 

For airplanes of interest in this study (TOGW 90718 kg 200 000 lbs)- 
136 077 kg (300 000 lb) Federal Air Regulations, Part 36 (FAR36) 
specifies a noise goal of approximately 106 EPNdB for sideline and 
approach and 102.5 EPNdB at takeoff conditions. Based on the results 
of references 3 and 4, noise calculations were made only for the side- 
line noise. As in reference 3, the airplanes in this study are always 
at an altitude of 457 m (1500 ft) at a point 6.49 km (3.5 nmi) from the 
start of takeoff roll (takeoff noise point). Since the power is 
allowed to be reduced, a noise problem at this condition is not likely. 

The approach noise, as found in reference 4, is no more severe 
than the sideline noise. This is especially true if a two-segment 
approach is used. The sideline noise corresponds to the noise measured 
on the ground after liftoff at a sideline distance of 0.463 km 
(0.25 nmi) for the airplane used in this study. The point of maximum 
noise would be after the aircraft reaches an altitude where ground 
attenuation and engine masking is greatly diminished. The aircraft 
Mach number was assumed to be 0.3 and the altitude 168.6 m (553 ft). 

Total perceived noise has a number of components, jet noise 
(from the two jet streams), fan noise, and core noise (compressor, 
combustor, turbine). For the noise goals considered in this study, 
core noise would have a minor effect on the total noise. Therefore, 
it is not considered. Jet noise is calculated by the methods of 
references 13 and 14. Fan turbomachinery noise is considered to be a 
function of FPR as shown in figure 8 as well as thrust and distance. 

This curve is from reference 3 and is based on data from reference 15. 

It is a composite curve representing a low speed fan with few (if any) 
multiple pure tones (MPT's) at a FPR of 1.5, and a high-speed fan with 
MPT's at a FPR of 1.9. The band of accuracy on this curve is expected 
to be +2 PNdB . A spectral distribution for fan machinery noise was 
assumed based on reference 16 and shown in reference 4. The total per- 
ceived noise is obtained by adding the machinery noise and the jet noise 
by octaves as described in reference 13. These results are in terms of 
EPNdB. This adjustment appears to be minor and thus was not accounted 
for in the study. 
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Lift-Drag Ratio 

As in reference 3, a L/D of 20 is used for the reference air- 
plane* This value includes the drag of three 80 inch diameter 
nacelles. The drag (friction) for one of these nacelles is shown in 
figure 9. The curve for other size engines agrees with those in use 
by engine and airframe manufacturers. Using this curve, the 
reference L/D is adjusted for other engine nacelle diameters. 


Direct Operating Cost 


Direct operating cost (DOC) was calculated for each engine at 
each noise goal using the 1967 A.TA domestic formula. Engine mainte- 
nance costs, however , were based on the short-form equations of 
reference 17. Airframe cost was assumed to be $158. 7/kg ($72/lb) 
(based on current airplanes) . Turbomachinerv noise suppression 
material was assumed to cost the same per pound as the airframe. 


Engine price was taken to be a function of 
rected airflow and computed as follows 


eng 


1.2x10 


(Wa x / 6 / 6 ) 


.35 


SLS 


1300 


the sea-level static cor- 


This cost is based on empirical data and adjusted to reflect the cost 
of a turbofan used in a wide-body trijet. No attempt was made in this 
preliminary analysis to account for differences in engine design. 
However, engine cost was perturbed to determine the sensitivity of 
DOC to the higher cost of a high RPR, high OPR turbofan. The nominal 
fuel cost was $79. 3/m (30c/gal). 


RESULTS AND DISCUSSION 

An advanced engine designed for low energy consumption is likely 
to have design parameters different from current engines for two 
reasons. 

First the design parameters may change because of the optimization 
criteria - minimum fuel usage rather than minimum DOC. Second, 
advanced technology will permit higher turbine temperatures (T^) which 
will require higher OPR's and different design values of FPR and BPR. 

As the turbine temperature and the OPR increase, the emission and 
cooling problems become more difficult. The already difficult cooling 
problems may be aggravated even more because of the possibility of 
higher temperature cooling air. In addition the number of turbine 
stages increases along with engine length, and weight. Also hub and 
tip losses cause rear stage efficiency to decrease. Therefore, for the 
present study, engine OPR was limited to 40. 
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Effect of Turbofan Design Parameters on Cruise SFC 

The effect on cruise SFC of operating a separate-flow turbofan 
at a higher T OPR, and BPR is indicated In figure 10. This figure 
compares the cruise SFC of a current turbo fan with that of an advanced 
engine at Mach-0.85 and 12192 m (40 000 ft). Increasing the OPR from 
28 to 40, the BPR from 0 to 11 and the turbine rotor-inlet temperature 
from 1367 K (246CfF) to 1644 K (296Cf R) results in a 9 percent de- 
crease in the cruise SFC. 

The effect of rotur-inlet temperature (T^) on cruise SFC (Mach 
0.85 and 12192 m (40 000 ft)) is indicated in figure 11 for an engine 
having an OPR of 40. For a given temperature the cruise SFC varies 
only slightly with BPR, figure 1(a) . 

This is due to the fact that the' fan pressure ratio was optimized 
for each BPR. For each temperature curve, the optimum FPR decreases 
as the BPR increases. The optimum BPR increases with T^. 

For an engine having an OPR of 40, the optimum cruise T ^ is 
1617 K (2910° R) , figure 11(b). The performance indicated in figures 10 
and 11 for the high OPR engines is based on the coolant bleed flow 
schedule of reference 4 and T^ . Based on the optimum level of T^ cr 
and the data of reference 3, tfie turbine rotor-inlet temperature at 
takeoff was fixed at 1783 K (3210° R) . Based on this higher value of 
T^ , a coolant bleed flow greater than the 4 percent used for a T^ of 
1617 K (2910° R) will he required. Thus the performance at cruise will 
be penalized (discussed later) unless the bleed flow can. be varied or 
the bleed air is cooled. The bleed air could he cooled by passing the 
compressor bleed air through a heat-exchanger located in the fan stream. 

The effect of reducing the temperature of the compressor bleed air 
on the required coolant flow is indicated in figure 12 for a particular 
engine. Based on the compressor discharge temperature (844 K (1520 R) ) , 
and the higher turbine-rotor inlet temperature at takeoff 1783 K 
(3210° R) , a bleed of almost 8 percent is required to cool the turbines 
using full-coverage film cooling. Cooling the bleed air from 844 K 
(1520° R) to 583 K (1050° R) reduces the required bleed from 8 to 4.2 per- 
cent. The bleed temperature could also be reduced by extracting the air 
at some intermediate point in the compressor. 

A brief study of the heat exchanger approach is summarized in 
figure 13. For a fan-air heat exchanger having an effectiveness of 
0.85, 0.275 percent of the duct air would be required to' cool the com- 
pressor exit air to. 583 K (1050°R). Based on reference 18, an effec- 
tiveness of 0.85 appears reasonable for a rotary storage-type heat 
exchanger. A matrix about 18 inches in diameter and 6 inches thick 


SSSMiSS 
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would be required. The weight of a heat exchanger of this type is 
estimated to be about 68 (150) to 90.7 kg (200 lb). A major develop- 
ment problem would be seals to handle the high pressure ratios. 

The effect of various coolant bleed flows on the cruise performance 
of a particular turbofan engine is indicated in figure 14. As indicated 
previously, with a heat exchanger, a coolant bleed flow equal to 
4.2 percent of the compressor discharge air is required. Using the 
compressor discharge air directly, a bleed of approximately 8 percent 
is required based on T, . As a result the SFC at cruise is about 
3 percent greater. Witnconvection cooling rather than full-coverage 
film, the required bleed is about 12 percent (ref. 12), and the cruise 
SFC is 7.5 percent greater. For the remainder of the study, the com- 
pressor bleed flows are based on using uncooled compressor exit air and 
a takeoff T^ of 1783 K (3210° R). At FAR36-10 noise levels the engine 
cycle parameters would have to be reoptimized if the compressor bleed 
flow is cooled. This is due to the fact that the core jet noise in- 
creases as the amount of bleed flow is reduced. Therefore to attain 
FAR36-10 noise levels, the turbomachinery noise must be suppressed even 
more. Thus unless the engine is reoptimized the gains in SFC achieved 
by cooling the compressor bleed air (fig. 14) are lost to greater sup- 
pression penalties (fig. 5). 


Effect of Turbofan Design Parameters on Takeoff Gross Weight 

The effect on vehicle takeoff gross weight (TOGW) of engine OPR, 
and BPR for noise goals as low as FAR36-15 is indicated in figure 15 
for a T, of 1783 K (321CP R) and fan pressure ratios (FPR’s) of 1.5 
(15(a)), 1.6 (15(b)), and 1.7 (15(c)). For all three FPR’s and OPR’s, 
TOGW- increases rapidly as the noise goal, is reduced for a given BPR. 

This is due to the increased performance and weight penalties associated 
with the increased turbomachinery suppression (fig. 5). Thus for a FPR 
of 1.6 (fig. 15(b)) and an OPR of 40 TOGW increases rapidly for a BPR 
of 9 as the noise goal is decreased. Higher BPR’s are required to 
minimize these penalties. By increasing the BPR, the jet and the fan 
noise are decreased as is the cruise SFC (fig. 10). Therefore, lower 
noise goals can be attained without drastic increases in TOGW. But BPR 
can be increased just so far for each FPR and OPR. Otherwise the 
pressure in the aft-end of the engine is less than ambient after the 
turbine work is extracted. The optimum BPR, for a given noise goal, 
decreases as the FPR is increased. For a noise goal of 96 EPNdB, the 
optimum BPR decreases from 12.5 for a fan pressure ratio of 1.5 
(fig. 15(a)) to about 9 for a FPR of 1.7 (fig. 15(c)). 
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To maintain a given fan-tip speed as BPR is increased with no 
reduction gear, the turbine RPM must be decreased. This increases 
the number of turbine stages for a given work factor. With a gear- 
driven fan the RPH of the turbine can be increased and the reverse is 
true. The Quiet Clean STOL Experimental Engine (QCSEE) does have a 
gear-driven fan. This engine has a BPR of about 12, but a lower fan 
tip speed (950 fps) . Turbines having higher stage work factors are 
being studied (ref. 8). However, these turbines presently have lower 
efficiencies. With the present fan tip speeds and higher turbine- 
stage-work factors, a gear may not be required. For this preliminary 
study no gear is assumed, and the consequent impact of more turbine 
stages on cooling bleed is accounted for. 

Figure 16 compares the best of the high OPR (advance) engines 
with a current engine in terms of airplane TOGW. For a noise goal of 
96 EPNdB the current turbofan (FPR 1.69, OPR 28, T, SL 1488 K 
(2680° R) , BPR 6) requires a vehicfe having a ^OGW of 263500 pounds. 
This is based on current engine weights, and current cooling schemes 
(7 percent bleed) . A more advanced cooling scheme, full-coverage film, 
reduces the cooling bleed to 2.5 percent and the TOGW by 3.5 percent. 
Increasing the OPR, BPR and T^ reduces the TOGW by an additional 
4.5 percent or by 7 percent compared with the current engine. The 
optimum FPR for this noise goal (96 EPNdB) is 1.6. 

As the noise goal is reduced for the current engine, the core jet 
noise becomes the predominate noise source. With current cooling 
schemes, the higher bleed flow reduces this noise source. Thus a 
lower TOGW is achieved for a given noise goal than when full-coverage 
film cooling is used. In other words, with a more advanced cooling 
scheme the cycle parameters for the current engine are nonoptimum. 

For a noise goal of 96 EPNdB, the optimum BPR and OPR in terms of 
TOGW are indicated in figure 17 for the advanced engine. For an OPR of 
40, the optimum BPR is 10.3 (fig. 17(a)). The optimum OPR for a BPR 
of 10.4 is 40 (fig. 17(b)). 

At present, emission problems are tougher at the higher pressure 
ratio. Thus an OPR lower than the optimum may be attractive. This 
will depend on the state of emission technology at the time an engine 
is selected. 


Effect of Turbofan Design Parameters on Fuel Consumption 

The next three figures indicate the effect of various engine 
parameters on the fuel used in terms of kg/pass, km (lb/ pass, nmi) for 
the assumed mission. The trends in these figures (18-2C) are similar 
to those of figures 15-17 for TOGW. This is not surprising since the 
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engine parameters resulting in the minimum TOGW for a given noise goal 
also result in the minimum cruise SFC or close to it. For noise goals 
between 91 and 106 EPNdB, an OPR of 40 results in the lowest fuel con- 
sumption for the three fan pressure ratios considered 1.5 (fig. 18(a)), 
1.6 (fig. 18(b)) and 1.7 (fig. 18(c)), Again for a noise goal of 
96 EPNdB, the optimum BPR decreases from 12.5 to 9 as the FPR increases 
from 1.5 to 1.7. 

The fuel saved by increasing engine OPR and BPR relative to a 
current engine is shown in figure 19. Based on the current turbine 
cooling requirement, the fuel used by the current low OPR engine amounts 
to 0.0246 kg/pass, km (0.1005 lb/pass, nmi) . This is for a noise goal 
of 96 EPNdB. With a more advanced turbine cooling scheme, full- 
coverage film, the fuel consumption of the current engine can be re- 
duced by 5 percent. Increasing the engine OPR and BPR results in an 
additional 5 percent savings in fuel. Compared with the current engine 
using the current turbine cooling scheme, the total fuel saved due to 
increasing the OPR and BPR to 40 and 10.4 amounts to 10 percent. Thus 
a 6 percent decrease in the uninstalled cruise SFC results in a 10 per- 
cent savings in fuel. A similar savings in fuel is achieved with the 
advanced engines at other noise goals. Considering that about 57 million 
tons of jet fuel are used annually (ref. 19-21), this represents a size- 
able savings. Relaxing the noise goal has a noticeable effect on the 
fuel used by all three engines. For example relaxing the noise goal 
from 91 (FAR36-15) to 101 EPNdB results in a 17 percent saving in fuel 
for the high OPR engine. Using the current suppressor penalties (dashed 
curves) of figure 5, the fuel saving would be even greater. Thus any 
improvement in suppressor performance or decrease in fan or jet noise 
(at the lower noise level) will have a significant effect on fuel con- 
sumption. 

For an overall pressure ratio of 40, figure 20 indicates the effect 
of BPR (fig. 20(a)) and FPR (fig. 20(b)) on fuel consumption for a 
noise goal of 96 EPNdB. The rapid increase in fuel usage with lower 
BPR's for a given FPR is due in part to the higher cruise SFC of the 
related engine cycle (fig. 10). As a result TOGW increases. This in 
turn increases the amount of suppression required due to the increase 
in engine thrust required at takeoff. As a result SFC is penalized 
even more. Thus choosing the correct BPR at low noise goals is most 
important if one is to conserve fuel. 

For a FPR of 1.6, the optimum BPR is 10.6 compared to about 11 for 
minimum SFC (fig. 10). Figure 20(b) indicates that for a noise goal of 
96 EPNdB and an OPR of 40, the optimum FPR is 1.61. 
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Effect of Turbofan Design Parameters on DOC 

The effect of engine OPR and BPR on DOC is indicated in figure 21 
as a function of noise for a T,„, c 1783° K (3210° R) and FPR’s of 
1.5 (fig. 21(a)), 1.6 (fig. 21(bJ), and 1.7 (fig. 21(c)). Fuel cost 
is based on a nominal value of $79. 3/m (30c/gal). The DOC trends are 
similar to those of figures 15 and 18 for airplane TOGW and fuel 
expanded (kg/pass, km) for the mission. At the lower noise goals, the 
lowest DOC for each FPR is achieved with a BPR corresponding closely 
with the minimum uninstalled cruise SFC of figure 10. As the noise 
goal is increased, the higher SFC of a lower BPR can be traded for a 
smaller and, therefore, lighter engine. In other words, fuel cost is 
traded for engine cost. At lower noise goals, an OPR of 40 is best 
for all three FPR's. 

Lower DOC’s are attained with the higher OPR and BPR engines than 
with current engines. For an engine having current values of FPR, 

OPR, BPR, T,, and using the current turbine cooling scheme, the DOC is 
0.665<?/seat KM (1.07q/seat mi) for a noise goal of 96 EPNdB (fig. 22). 
Using full-coverage film cooling, the DOC is decreased by 3.5 percent. 
The higher OPR and BPR engine results in an additional 2.7 percent 
decrease In DOC for a total of 5.9 percent. A FPR of about 1.6 results 
in the lowest DOC for noise goals between 92.6 and 97.4 EPNdB. For a 
noise goal of 96 EPNdB, figure 23 indicates the optimum BPR (fig. 23(a)) 
and FPR (fig. 23(b)) are 10.7 and 1.62. However, DOC is not that 
sensitive to FPR. Thus based on TOGW (fig. 16) , fuel consumption 
(fig. 18) and DOC (fig. 22), a single engine design is near optimum for 
all three engine criteria. Emission standards may require an engine 
OPR lower than the optimum. 

The effect of fuel cost on DOC is shown in figure 24 for three 
engines based on a noise goal of 96 EPNdB. Increasing the fuel cost 
from $79. 3/m 3 (30c/gal) to $211/tn 3 (80c/gal) results in a 64.5 percent 
increase in DOC for a current engine. This increase is practically the 
same for the current engine with full-coverage film cooling and the 
higher OPR engine. Hence increasing engine OPR and BPR saves fuel but 
does little to minimize the impact on DOC of further fuel price in- 
creases. Reoptimization of the engine for the case of higher fuel cost 
will not change this situation. This is because the optimum engine 
based on minimum fuel usage is basically the same engine when optimized 
for minimum DOC. 

Another way to save fuel is to decrease the cruise Mach number. 
Figure 25 shows the effect on TOGW (fig. 25(a)) and fuel consumption 
kg/pass, km (lb/pass, rani) (fig. 25(b)) of decreasing the cruise Mach 
number from 0.85 to 0.78. For this figure the reference lift-drag ratio 
was corrected for Mach number and sweep angle effects according to 
reference 22 . These lift-drag ratios were then adjusted to include the 
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effects of higher aspect ratios indicated in reference 23. The re- 
sulting reference lift-drag ratio increased from 20 at Mach-0.85 to 
21.8 at Mach 0.78. No change in vehicle operating weight empty (OWE) 
except that due to resizing was included. The present study indicates 
the optimum cruise Mach number to be 0.78 (fig. 25). Reference 21, 
which optimized the configuration characteristics for various cruise 
Mach numbers, indicates the optimum to be 0.8. In terms of the fuel 
used, kg/pass, km (lb/pass, nmi) , figure 25(b) indicates about an 
8 percent reduction due to reducing the cruise Mach number from 0,85 to 
0.78. However, a more detailed look at the effect of cruise Mach number 
is required. 


Sensitivity Study 

Figure 26 reflects the sensitivity of vehicle TOGW, fuel used, and 
DOC to improvements in various engine components. The nominal engine 
has a FPR of 1.6, a OPR of 40, and a BPR of 10.35 for a noise goal of 
96 EPNdB. The cruise Mach number is 0.85. Of the five parameters con- 
sidered (fan and compressor efficiency, combustor pressure loss, nozzle 
velocity coefficient and engine weight), the effect of the nozzle 
velocity coefficient is most pronounced. Applying the five improve- 
ments indicated in figure 26 to the high OPR engine results in decreases 
in TOGW, fuel used (kg/pass, km) and DOC of 5.9, 9.3, and 5.7 percent, 
respectively . 

However, based on 1985 component technology, all of the previous 
improvements will probably not be achieved. For example to reduce 
engine weight while increasing the core pressure ratio, blade loading 
is increased at the expense of possible increases in component efficiency. 
The improvements considered as reasonable goals for 1985 by individual 
component specialists on the Lewis staff are indicated in figure 27. 

The projected improvements are for fan efficiency, nozzle velocity 
coefficient, and engine weight. These three parameters affect the over- 
all performance of all engines and, therefore, should not affect the 
engine optimization. Combined these three improvements result in a 
11.9 percent decrease in TOGW, a 14.1 percent decrease in fuel used, and 
a 9.3 percent decrease in DOC. These percentages increase to 18, 22.3, 
and 14.7 when the 1985 technology high OPR engine is compared with the 

current engine (FPR = 1.69, OPR = 28, T, C7 = 1489 K (2680 R)). 

cr cr abL 

For an engine of comparable size, a high OPR engine will probably 
cost more. This will increase the DOC of the advanced engine. Figure 28 
indicates that a 20 percent increase in engine cost still yields a 
11 percent decrease in DOC compared with the current engine. 
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CONCLUSIONS 


This analysis determines the effect of higher overall engine 
pressure ratio (OPR's), bypass ratios (BPR’s), and turbine rotor-inlet 
temperature on a Mach 0.85 turbofan transport. Vehicle takeoff gross 
weight (TOGW) , fuel consumption (kg/pass, km), and DOC are used as the 
figures of merit. The airplane has a range of 5556 km (3000 nmi) and 
a payload of 18144 kg (40 000 lbs-200 passengers) . Sideline noises 
(jet plus fan) of between 91 and 106 EPNdB (FAR36) are considered. To 
achieve the lower noise levels, a maximum of 20 PNdB of turbomachinery 
noise suppression is assumed. 


Compared with a current separate-f low- turbo fan (FPR = 1.69, 

OPR = 28, BPR =6, T, = 1489 K (2680° R)), a higher^PR engine 
(FPfT r = 1.6, oM - 40, BPR cr = 10.4, T, SL = 1783 K (321CP R) using 
more C advanced turbine cooling scheme (full-coverage film) results in 
6 percent reduction in cruise SFC. This is the optimum engine for a 
noise goal of 96 EPNdB. For a given noise goal, the optimum engine 
design is the same for the three figures of merit. Based on current 
engine weight, component technology and a noise goal of 96 EPNdB, the 
higher OPR engine results in an airplane that is 7 percent lighter in 
terms of TOGW, uses 10 percent less fuel and has a 5.9 percent lower 
DOC. Based on a predicted 1985 level of engine technology, the same 
reductions increase to 18, 22.3, and 14.7 percent. Cooling the com- 
pressor bleed air appears attractive as a means of reducing fuel con- 
sumption as it results in an additional 3 percent reduction in cruise 
SFC. Reducing the cruise Mach number from 0.85 to about 0.78 appears 
attractive in terms of reduced TOGW and fuel consumption. 


REFERENCES 

1. U.S.A.F. Propulsion Characteristics Summary - Airbreathing. Vol. 1, 

U.S. Air Force, Wright-Patterson AFB, 1967. 

2. Grey, J. ed. : Current Fuel Conservation: An AIAA view; Proceedings 

of a Workshop Conference. American Institute of Aeronautics and 
Astronautics, Inc., 1974. 

3. Kraft, Gerald A.: Optimization of Engines for a Commercial Mach 0.85 

Transport Using Advanced Turbine Cooling Methods. NASA TM X-68173, 
1972. 

4. Kraft, Gerald A.; and Whitlow, John B. , Jr.: Optimization of Engines 

for a Commercial Mach 0.98 Transport Using Advanced Cooling Methods. 
NASA TM X-68031, 1972. 

5. Gerend, Robert P. ; and Roundhill, John P.: Correlation of Gas Turbine 

Engine Weights and Dimensions. AIAA Paper 70-669, June 1970. 



16 


6. Klujber, F. ; Bosch, J. C. ; Demetrick, R. W. ; and Robb, W. L. : Investiga- 

tion of Noise Suppression by Sonic Inlets for Turbofan Engines. 

Volume I - Program Summary. (D6-40855-Vol-1, Boeing Commercial Airplane 
Co.; NAS3-15547. ) , NASA CR-121126, 1973. 

7. Grobman, J.; Jones, Robert E. ; Marek, Cecil J.; and Niedzwiecki, Richard W. : 

Combustion. Combustion Aircraft Propulsion. NASA SP 259, 1970, pp. 97-134. 

8. Glassman, Arthur J.; and Moffitt, Thomas P. : New Technology in Turbine 

Aerodynamics. Paper presented at Turbomachinery Symp., College Station, 
Texas, Oct. 24-26, 1972. 

9. Koenig, Robert W. ; and Fishbach, L. H. : GENENG: A Program for Calculating 

Design and Off-Design Performance for Turbojet and Turbofan Engines. 

NASA TN D-6552, 1972. 

10. Hartmann, Melvin J.; Benser, William A.; Hauser, Cavour H. ; and Ruggeri, 

Robert S. : Fan and Compressor Technology. Aircraft Propulsion. 

NASA SP 259, 1970, pp. 1-36. 

11. Livingood, J. N. B.; Ellerbrock, Herman H, ; and Kaufman, Albert: NASA 

Turbine Cooling Research Status Report. NASA TM X-2384, 1971. 

12. Esgar, J. B.; Colladay, R. S.; and Kaufman A.: An Analysis of the Capa- 

bilities and Limitations of Turbine Air Cooling Methods. NASA TN D-5992, 

1970. 

13. Jet Noise Prediction Aerospace Information. Aerospace Recommended 

Practice 876, SAE, July 10, 1965. 

14. Definitions and Procedures for Computing the Perceived Noise Levels of 

Aircraft Noise. Aerospace Recommended Practice 865, SAE, Oct. 15, 1964. 

15. Kramer, James J.; Hartmann, Melvin J.; Klapproth, Jack F.; Leonard, 

Bruce R. ; and Sofrin, Thomas G. : Fan Noise and Performance. Aircraft 

Engine Noise Reduction Conference. NASA SP 311, 1972, pp. 7-61. 

16. Kramer, James J. : Quiet Engine Program Detailed Engine Designs. Progress 

of NASA Research Relating to Noise Alleviation of Large Subsonic Jet 
Aircraft. NASA SP 189, 1968, pp. 273-285. 

17. Sallee, G. Philip: Economic Effects of Propulsion Systems Technology on 

Existing and Future Transport Aircraft. (American Airlines, Inc.; 

NAS 3-17 326. ) , NASA CR-134645, 1972. 

18. Glass-Ceramic Rotary Heat Exchanger Cores* Gas Turbine Component Depart- 

ment, Technical Products Division, Corning Glass Works. 

19. Starr, Chauncey: Energy and Power. Sci. Amer., vol. 225, no. 3, Sept. 

1971, pp. 37-49. 



17 


20. Cook, Earl: The Flow of Energy in an Industrial Society. Sci. Amer., 

vol. 225, no. 3, Sept. 1971, pp. 135-144. 

21. Summers, Claude M. : The Conversion of Energy. Sci. Amer., vol. 225, no. 3 

Sept. 1971, pp. 149-160. 

22. Ardema, Mark D.: Sensitivity of Transport Aircraft Performance and 

Economics to Advance Technology and Cruise Mach Number. NASA TM X-62336, 
1974. 

23. Ardema, M. D. ; Harper, M. ; Smith, C. L. ; Walters, M. H. ; and Williams, L. J 

Prospects for Reduced Energy Transports. A Preliminary Analysis. NASA TM 
X-62383, 1974. 



-TY?&1 JT. ~ gys/G/A/#' D&S/G/f 


/v^y /) ombyp r/c 

COM PPES S GP /?£>// 9 j 3 Y? 7 ~/C 
COM & US TO B £T C /£T /YC Y 


ppe ssub e: /?/? 770 S? CP OSS COMB iySTOp 
TA''VB~/? TUPB/A'B /9£>/Y?& /9TVC EBp/C /BA/C Y 
O UPEP T UBB /A/ET /9DMBB T'/C B' P~P/C /E'A/C V 
X/Vl E"7 p*/?E~SS UP£~ /?£TCO YBSP Y 
EY9A/ DUCT TO TV? A P>P>£- SS U/?£T P^pryo 
£=~ Y/V/9 US 7 /VO 7 StL L BZ VB l O C /TY 

COBTE^/C /B/ST~ (bcT-M ST/?JTY?MS) 


SjE~B Wc7 6ia. ) 

SCCP/G 6 (b ) 

. 99 
.96 
.99 
.96 
, 96 
. 9V 
. 9 B 


SSSSSSS 


PRECEDING PAGE BLANK NOT FILMED 






SMIAJE 18 t 10 10 THE CCNTIHETEI AS I01i;-»E 


B—d 

inmrasEi&'i 

lilPiLJ 

Illliii 

11 SIHHMI 

piss 

In 

pilifflilSSi 

———3 


IEOHS 


■Hi mill 

\mwmmmm\ 

pi^l 

mm: 


■lS 

mam 


||i 

■iiil ill 

mmmmsm 

lilpPH 


vmjuui 

sizm* 

■»R!i 


8 iliialtffil lil iHlil !; j:s :i::: ra;: Iras assaa Sim miiifcla Brails IraiBBi iasiararaBrass ansajS S B 

—ill I 1 


:-H ijlHIiy 

grararassi 


mssim 

iSSSHi 


i«rs: 


Hi 


iBcggE I 

l— — 


mmm 


linn 

Brad 

frarasssraM 

Hrlrarao&ial 
teSiSsiairwraiM 

I I^£IK5jNK^^nwHj5^^C53M| 

mm 

liiH 


inn 




iinsu 


:iirk» 
::::::::rau 


mm 





ORIGINAL PAGE IS 



SKETCH OF Ttrf&O&fH EtfG//V£~ MT# /ICOOSHC T/?F*rM£Wr 



i cwAPH PAPeql gpaphic controls cghporation 

“'rtHlnUS# 


B.ilfeio Nev.'YOT-fc 


sau*«£ to H 10 T8 THE CENIIMITCt K OOI^QT 




B SBAPW PAPER! GRAPHIC CONTROLS CORPORATION Buffalo. New York 


ia * id ro m Mir inch 


I ■■■■■■■ 


ISESgSEsHSiimSgaSSaS™ 





GRAPH PAPE^! GRAPHIC ^GNTPOlS COAPO RAT JON Buffalo. New York 




lli||!i||nl[|i|i||l|li!j|IHill[|||[|Usi|jy|iiui{in!jj|j[yHi|j|ijj 2 || 1 »iS|| 3 |||i||||S^|^§y|||||:g 




M-snm «““E 




I EHH :iiU iSMSiii U SEES 5HI: £ii ulatiHi HSsiS 

1 5!H!!H5 !55 ka: :ss] ism idii run i;ih Sra ran ssiiHrSkt <nr3Er 


I s:::::?:: hm s:m jsbi sen: isn tih; _ ; a^SSSiBB 
la:!KK^as;i^^!^ga!iS!ga g!!^i 

Kijas: iuii ::r: ceri hr; ^ r.:j: ; ‘fd; | 

mllililli Eiili iiiii i ■jjjjii|i|jj|i 

I m Etinii 




|n;n| 


l!!ii!iliH! 0 iliiiii!l! 0 !i!!!!ii^ 


a iiMiMMi mu anMausa ■■■■■•»■■! ■ ■■■■■■•ur. 

«wwiw«wi l MMHt wd 

■ ■■■Miminri 

Ihi 


Hub 




iiiiiii 


S! 5 s :: 

pilBnauinii:;: 

l5B5g;gB;E5iS5iSii|E5rsiemKSi 

bgii!- 




;!“!!! 
3 mm 


saausamuwss 

!SSS!S^iL ! !!SSmii!Sitni:'ii3ISiini 


mmm m 


:sssa^; 


wL&lf 


■£■11 ** ■* £ rEcE} ESE m nvZXj i 
im i >.:s::5; aro iss:: : 

emumsss essam 


SiiSBBdaSEBBaiBBBI 

i Kys^jj^ii 

pifiisStsi -smsusiioiK 

hjmas smgm HiBisstaBjaat.^miKB iaara^MEBm il 

IlRSHSI E5g!53 [“SHF jSi iISs ■ 

" 1 1 ■■Imm 

■MHn pHI 

fciSai5iffi i3Bp 3^i'iam3 
I ISSHS HiHEHil SSHSiHi IMlinU 
pijHm saHsUfi |raB 

Pfc?» *T?‘t - P" s»b ^ 

pguiisiiisiBi^gl 

■■■■■■■■ 


aMmmaMm MmMKBBamsm 




■■ 


WMm 
IIS 


r^niismoi 


EHrE 



amhan 


iiiiiirii:ii 
'.a::: :::::: 


HHaaBaanHaa 
IBilili i|!|||i| 

■■BMBBBa aaMMBH 

nil 1 1 mi iiiiiiiiiiiiiiiiiiiiiiiiiiiiii ill lull mu mmimiil 


■BHai 









Gia&PrtfC CONTROLS i 


10 X 10 JO THE CEHTJUETEir 


■n 

mmM 

— gii 

■apsilil 

BMi 

Bfaarti 

iBa iKiga:aa» «:M 

|«p| 

HHEiiin 

te|B|||||E||||* 

IlliBBliill llU 

>MH 

|WirijfiBjgJroiSfeiif;a ggM 

IShhhnsbhhs&S 

mbummmm mm mrnsm 
f B BmmMMmmmmmd 

'Tin ii»j 

lusSsKsairanDiiKsHHi^H 


mmmm\ 


mwsm 

mamm 




a 


i«s; 


semi; 


iHiiniiiMMiiui 


MSB 

SEBKSSBEI 


0 |||BH| 


SUB 

■HHH 

—SB 


:=«“==n»e^=: 

■HI 


!SE 


S I ? 

■ass 


^BSiYKii 


sub:: 



GHAPHIC rONTAHLS CflRPOHAnUftl Qljftafo. INJev* York PnnT-L'ri "I U S A 


SflUME 10 X ID TD THE CENTIMETER AS ftQU-flT 


— amBM 


l:::s:s:»K 9 siR;siini:i imuii hi 

UiSisisaniusSin&iSilEii iuiBii ill 

|::is:iii;iiuiiiminuti iiiikh iki 
I sssBsaiiiifiiBaisisiBiEa issssi SKSsaass- 
l::i:::::::ai:i;iiuiiiuii tiiiiiii Hi 

I ■■•■■■■■gii ■■■■■■ a ■■•iii ■■■■»«■■■■■ 

l::H::i:i:::iHs:R::::ii:3H:u[i: HI 

Immirimi ■■■■in ui ■•■■iiHntiinnu 


■^w^iunrciiR 






HHHnHH 

IlSSSSSil 


mmmmmmmamm 

ii|ilii>i|llillihiil 

■unmas 


iiiiiaiaBi 


mmmaaammm 



Liiv*iiii:i in fin :iihb:!!Rr:s?s! mm 

r.RJI llllIklllllH l.l I ■■■■■ l I JHIRUriltil R 
limmHillui IRRRI MRRI "m! mIH 

iijiiHiiBii HHiHM 

IJRRRKR *l«lll> llRRgRI IH RI^RRIH 

| iR> tiir—.iaRh.- ibmii ■■ ■■■k.iiiai ■■■ 

JlRf ' ■ RRk^l IMIKRlitllM 


if'nmii h isr im 


KimHi 

Isiii urn ii.'unr! ibusrb^isbhi ssaa 


'(RMIIRI IRIR^IBlIUlfMUl • MIIRIIilfclil (Mill 

::i: Si "iiiiii liii’iiSii lijiaii 

iikkjihi; 


EUsiliHii ! i:i ^3lli5£|' ; is iyi^Oi 91 

Cl liuta.i i *4 I K<«MtMai himm 

'iBIlBIB b»i IBl BIBBliiBBBBB — BiL-B — M 

pin h’isIbIiES-jji iks kki ? Jin SwSiSw i imi i m 

Eiivi :H;« lira isli ESNEi Hiii dm mnim 
Ruu:K!<!:iiti9:?iRu:i;si^!S8i n s s aa 

11 noHfiManaiaBk^a»Majibil>'uiaiaH inaikw 

isi^R tii lit v, isbTI inn lien t!tn Msti lEaSm 

hBmiiiiiiliiaiiiiSiBia^S iiBi areas 

►■ras-fiiii-iSiiaiHli 

RKrBIKilKKIlKC^m 

l;;d:;;N:SS;l;i ;»liiit i ; .;i 

■ ■ HBrliuniibiil 


^^>iiet^:iig^“?ggHiisggiiiK3 g.ti3iBgai 

^tiuawS 

U^»hS5] 


iWHSIllHBIinBH! 


iiSBSHI 

iinnsi 


mi 


iBililir 




liKKi::;ii 


«>/ri mu a niw r 


inp j j;{ | !{i^{^IH9 

- - ijj^-aSH 

laaiaiiraiiiBfliaiK^iat MSBBngga 
iSEEveii"; EiEEESi EiHiJill 

:: iirsi ::Hi SEE She i 

kj ; ; ism ikriku 

Ei«iuii|u3iEE!|| 





5s.- 


i iiiy l 

iijgji 




BHBBS! 

SSSSI; 








SQUARE 10 I ID 70 THE HHF INCH AS-UltO! 


|!SS"SS!!!!>nSSSSSS! iHSSS»»SSSSSUSaS3KSHSS*SSSSE3KRIIR8EBiSlfiaSBSKBSBSi|||.^„^.,,.. 

I ■■■ »■ ■■■■■■■■■*■«■■■ *■■*■ ■ ! l 9!!9!9 M f ilS*l I Si"* ■■■*■ ■«■■! nminai wrmr, BfiSfifllaftHu? 


»■ ■■ v M wmm N*M 9 ■■■■ ■ 


tit.* mt, ■•r.a lira 
■■SI ■fMHMHmiM Ml 


S3553I 


I umm ■■ ■■■«■ ■■■■■ ■■ ■■■ ■■ mmma 
■ aMHM mm ■Baiip inaitimpiMM 
MMaiiiafiiiaiiiMiiaiifiMHHH 
mm mmm ^■Ma»»a«a»«asa j 


HSHSB 


■*»«■!** u utmw m k»aa aaaaaaiiaia a—aaM 
I ■■■■■■ aiaiaai aiL taia ■■■■■•^fiaa mmmummmmmmmmmmmm 
laaaaa m iiaiiaaaaaaaai— aa ilai mamma Batafl 
I a ■■■■■■■■■ ■■■■■ n iaiaaaaa «paa aammmmwmm 

■■■■■«■ mama m wmm** in ww vwa va Has* a »»ppp dHBi 

!■— ■■■iHawcMHBw — »i iiaMaaaaaiiaaaii 

llWIHM BHH* tlM MM pw IKIimiUHIIIII 

jiaijijijijiji^aa giatBBSBaaiH 

|N«MPPBaaia aaaaa iiHiMiiiauka ■■■ 



•aaiaiRiai i iaiifiiulHiiiauai mmsa 
mi iBifliiiimiiBBaii mmnmw 

[aHaaafeaaa a 

| ■■ ■«•*!•«■ a r^ammmammmm 


E8II 


SIBsssuee 

BSSSSBHSS 


PHBHBBBBiiiiEIEEEiiiSSU* 
lEEESiiEEEEBEEE Ej^M SEEiiaBS MaaB 

IfPfliiHmniaiiMiiiini nvai iiavaaaaiH 


■EREIBEEiEEEEEliERES 

HaaBB 9ummm aaaaa aaiaa mama. i wmm mm a 

■jR^^mURUIKURSKE 
•EEiESSSISSflEISEnSSHSmSESSS! 


EESSEEEEESEISSiflSEEESSii 


!•■■■■ ■■■■■ 

I j j ;jjj y BH5S5H 3 

I n!S ■ ■ SSSS " S8S "S^m ■B^H^unS^S^SSSS^HBSSS^SSSEBSSn^nnSaSa^^^^^^^HH 
ssa8:sisas388^ffi?EKi8SiagB«Kassmam^maaaaBa«r 1 ^8aa;aasa 
|ss::8:::8S«::aB^8as:::BB:sB:BSm3Ss9i8iiSssaa38B!i8nM 

[■■mmM .mniiii'»«»» MEwnim b 

I ;■;■!■ ■■■!! I -' 1 EJ!! ■■■ •»■■■■■■■■»»«•■;■»»■ 

EEEEEHESEEEEEliEEiEitESSIEmxl 
Uasigg ^EEEi.iTBi'iisariEiiii^BxaEiaaBBiBESg 

lEEEa:a:iME;ss«E8588B?8EiSEa asffisEsEiEBmBSBESmiaaM 
■■■■■■■■■■■■■■IIIIIP! Sh!S SSgBSSEa ESSS8EE&EI SBS8 BUI &SB ESS 3 

I «H9H5SMS[aa d i BBa^a aaa«ad 

!***■■ ■■■■*«« ■■iiiHi , 

IppppBBPppflppjpppp a aaa**u amifi «(m*aiaap ubhbbJ 
liaiaiaaaar ^iaaai HaaaaaaaBm ■BjaHuusaBuiq 

EEEEESEESSEIS^EEEHH Hjll 

I mmrnmmwmmwm r; 

lEEaiaiE EiilEEElEEEiEBESiEEEEl 

I— IHUHaa— w>aawk ,< — 

BRIBE irarrasans TtiSSa 
I::::;::: nzy.nzur^ 

UBiiiiBUfiaii^miiiafl 

I IE®®®* SSF®®# BP 8£kE<«aiiB»<fiaS 

J<**5S* s#*»»^s*a»e»#a^ar*i 
| -****ii sjassaff *s*iri,-'»sa:i rsupi 
[ *s*'a* ***** *w* 


a appua a 


eeehe: 



it«U8S 

llURECt 





ESS38BSSSSSS8 


■■ ■■» ■■ 
■ ■■nil 



HS2S&3BS88EB2S3SS2S5S9 
|Sa8i!iiSi;aE!^a8i;iE8B8H KE, , a8 8EEE BS88i8g;^a 
Sa;:EKSJiEE!.1EE!;«E!BEa!! > h j !aSBS ;5BE!EEaa 

I » ■■■» ■ ■■■■ Hna L* L»H fc’iui mmmma HI '-M BHSS iK 1 

lffl!EEi8E8k*JBrdaEa8amRBl M88g S ; ia! a 

; ?r ;« xurc asssss| 

aaiEEEEEkEEESaaiSasaEEEEaEEEESBEESgEEEEiEEESii 

EEESiEEE::<8E3iUSii:iSE»BIBESE. a SSEraESS:!S9 

laaaaawawmw — a aai p— ■ aaii i iaaa aaij— ■■ ■ ■■■■■■ 


SSE««S8 


ELIS’ 



iBHESS 


laaaaaaRBaaaiBai i»aa«a 


mmmtm mmma a "<■«■■ awu m 
I jjwia— — anm^m ■■■ 
lapaiaa i a ia a ■ iiakvauui 
Imimmii anakona 


■ jgj a aaiagS MI 

E^snmni 

iKKEEgSEHi! 

lEEwraaBi 





Si! 


iBKaaBaaBviMaaa 
I mm mam ■■■*■ i >Liin 

I a* Biaaaaai if aMaaa^Bminia 
| laaaapaaii-aati^iaiaa —i 
I a ■«■■ »■ ■■ a a baaai iaaiaBM 


■■"Mi — 

Hn 4 a ■■—■■ ma mma a mb a ii5£iB3£i» aai 

BUggligggTj ^g a are — — a»—i uf'^NaaBinniminniiaiim 
MWEmi igM ii ’w aiaa aHw maim b imm i SCimffgg iggSBaf aia mm 
nmaatai awRat * ■■iiaamnii wmm mm m nmm BaaBaiain waaaaaa— mma 

mM 


sessss: 


iSEEEES: 


| ■Biaiwaaip nill 
V «BBa ■■■•«« 


EHEBE 


gBAPH PAPER j GRAPHIC CONTROLS CORPORATION 


III X 10 10 THE Httf INCH 


HEX COMPRESSOR Si//? Y/'T T/TME* 



8 x a TO '/3 INCH 46 1123 

7 X td INCHES MADE IM U i. A. 


KELiEFEL » CS8CR CO. 



GRAPHIC CONTROLS CORPORATION Bulfalo. New Yor> 


SDlfARE 10 X 10 TO THE IENTIMETEH AMOH-DT 


illj|j|jjjlIlllli8lllilP0iljllimgj|jj|j iBjjiggllyjlSgg H imijfmi Hl ilmli mil jimiimsmiB 

BBMMMBMMl 1 1 Ill ■lllllll 


B;25HI2L 1 £I HS:S!SM’ atl1 l l!< 

I S SSS*S 555* SnM !■ 


:bk::: 


I j jUII jill II jjljlBiHISjjlS IBlf IRij jjljjnSjjfflbljl IsIH 

ssaunrifeE 


mmmm 


■< »i 5 il SB ■!?"■!■■! 

znziz: 


bba bbbva b» am ■■ bmba ■ 


i trail 


|££S=EES=;:sr=B:E=:SSSE£SE==BBIIB3SEg 

lEEEEillilMII li IehI 

||**«||U 1 IIMHI ibiii util HBBHI 

■ ■■■■a ■■■■■ ■ ■■ ■■ ■■■■■ ■ ■■■■ 

■Sin r*’i> 'iN jib inu ihujH| 

fsra-aiB BB-ag-a&agaBaaaEgiaisiaffiBteig:::^^^ — 

I ■•■■■ ■■■■•■■■ ■■■■■■■■ilia mail numiiiiiii 

|:::s:::::s:::::s:::raira;H:sraiiii«tH 
Isras s:sE!:s:sst5:KK;2raK!::HR 

Ijjfjg gi|ssMME 5 jpsi 

liras* 


sissisiiiS 


■rasraraiirasisssEssii 

filasi Iipn IIMl ■«■■! a bmbm-M fi 
| mbji ■■iijiBiM ■ 


BBBBA BMM 

f P “ ■ HI El B Ml Ml HXH BIB SB 

I 1 < «■§***■ *#•*•■ ’ 

p3a Bii BS Ita j| j««5s isgl Pjp^^ j 


IbbMbII HHakv BlMoalM I 

1555*2 SSaaiamt ■ Sau KfeZumH 5 

I ■ wm ■■ BM BA BBBB* B BBlInBBINBK B 

haaiBsaaiiaiarKTU 


H H BH M8H HI 

1 s ;:r ran bees: a 

K:8iiSiS5iiBiaii«3iaiiB«i: 

nraiiiiuiHHiHiiiisi^Hras 
I sra sra sraisis ses sees zees S3 


MH 




IHBHH 

mmmm 


mmmmmmssEsm 

— IB 

— — 


■ HSB B BMMB 







GHAPHtC GONITOI.S CaSPOBATION Buffalo. New York Pwlrff «US /1 


|l!iiiiiijliillliiiiii»!llilll!iin 

mmsmmmBmmmm 

I : ::: irr.r v .* , ?i a : i::s::ttiraKSgStf&a£2UaiaaSaa£iaSi^^^^^^^^^M 

I ■■■■! J ’ •■»•! •■■■■ HBUkKMMMU 

I in:: ma, 

Lsss±:k:: ::::: ::ui naiitir. 

a!SSa""' :< ' i 


iHHUSi 

mmmm 

■■ 




amsBsm 
JBummwm 







SQUARE 

TpT 

m 

IS 

-uE 

ii 

mm 

ii 

IBB 

rr'-r 

s--i 

m. 

H 


gtj; 

si 2 ! 5 Cfgn 

* 8 h 1 B&SSSSHi 

EH 

.'HI 

m 

M 

S1SH 

Eg 

ECS 

mam 

ii£ 

M 

n 

B 8 S 8 SSCT 
PTC f? Hnffl IfttfS 
CKK 3 S 5 C 9 EBm 

gag 

Ea 

islEES 

i 

1 

irE 

mmm 

mas 

8 

■ 


sdmri ic x is is m cmmm ss-jou-or 


1 1 jjs! |{=5| !|H j j: Ef H 

it 


I::::::::::::::::: 


ut 


ill 

III 

HHBBS 


pHUHli 

Emamm amam 

Kiiisiiinii 


ligtiiflSKjtjKiKittiKtKBB iSSSKtt 

iS^itBi ilBSirHiiaiaamsai 
■jjBU :sr: 

|i"r HI if 

■ is: 

■■ku 

f : : 4I ;BT:| 

ilBjjg isiBBs > 

ItaitaaiiiKiatur^’ jfii assi 

*■■■■■■■■!”"' tmiil 

IHiisiHiisiliiiifii 

k t awwaa gt — ■■ a ■■■»»■■■■ J 

Ssj ; I, iSatufj: | 

!■■■■■ ■■»■!■■■* ■ n ■■■ ■■ >M M 


■■■ 5 m ■■■■■■■»■■ !RSi 9 UU 3 I 9 fllSSSSa 

I sa :: sas: sssui ssu Hums: Seas 
l:!n!!:H!S:E3S:ijniHuSitH§i 

SiU !iBIIIB!l IStiHLtSS! SSt 


■ESB 8 HUK 

mmmmmmmmmmi 


BSSigeiiSBBB 

mm 


HIT 

bbbbbsbbi 


■ ■•■Maaanraaai 


I S 22 S 55 SJ 5 # SS 5 SSSSS 552 ! 


— ■ »■ ■■aiia*a»iaacnii| 

Z.S.SS SSSS 8 S 3 S 33 B 

::::: ::::: EG !§H ::: ii iiiii uttiuul :iS§Sifi§ § 




SttUARt Id X ia 10 THE CENTIMETER AS-80H- 0T 


[G RAPH PAPER I GRAPHIC CONTROLS CORRUGATION fluff a i D NewYort 


T ==:::acJ53===:=-==--;=EEE[:== 

ShiiggB 

I ■■ ■ miaStaiHMiH 


Mgjg|ggg||pl; 

ii 

■s 


■niliil 


plllliiiillijl 
plililliiiB 


SS3te£2iffl 


mm 


MlllBgMHI 


iMkkiiBiaiBBaiiil 

ilililRHI 

I :::::::: EiiiHi 


nai 


■ ■MAM mn 


fe f ■■ iNtf mu t" b u mm 

iiiiil »ii| 

P ::;:e kb: 

wiiKSIiiu:!i;»| 


:b!bm ihk; 
■tft'i: 


mmsii 

mmmm 


ipilHiiiyi 
piiliiiiliiiOiiil 

KuiSRiiis:; iSMamSi 


mUHHSB 


mm 


WHBmsm 


aaiaaaa 


■■■■Imiiinii «MI 

BiSliiUiBiKKiBB; 


BBSilM 


|m«— f | 

SilliPli3S!illll8iSSiiSi!B 


laEaHaaaaiaaaaaaall 
I: I:::::::! 




Mi 


ms; 








scum ic * 15 to the mr inch as iiuot 


IB GRAPH PAPER! GRAPHIC CONTROLS CORPORATION Buffalo. New York 


i *5K8S353iBSi ■■■■■■»■■■■■ ««■»» 

::::::urs::::k:::ks£BBUh 


!!E*SB 


. mmmum kvui ■■■■» arifl 

■ ■■ ■■ ■■■■■ ■■■ ■■■■■■*■■■»■■■■■ «. «HS5ii» *«•■■■■■■■■■■■■■■■■ 


mi™ '—m B 

lililis 


sms: 




i KiiiSBBSKB: 

\M 


li aaaaa^bai .d 

HI PPPPB i. 

IB * a 1 isais ■ i ■■ 

Cffis;sa;aaia!BaBi iKS iaasmi 

Riwr.pttppda aaaMHMMMMMgM 

I n»a*a»* ^aa A* aaaaaaalfiSBSil 

I I •■(•■ia •«■■■«■■■■■■■ iHnd 

B? ^ 


k mmmmm mmmmm mnmmrnm 

PEBSS3ESS3RSSE 

MmilBiiai bmm ■■■■■■ 

imiiMHiiimiiillMHi 


ffi mBSSBV 



■|ssss 3 Ks::sar 4 nl 
E:su:sns:KB:s::rk:vs »9 


lymrairJ 

Safinanriii 

isinirjni 

laa gaai 

i mam 


sliliillSImiiiiMlili^j 


iia.*iaa< ■• a« ami** 


jUS*?8K15» >W 1 — I WMl—M ■■■WIIWM 


|S 8 Ki 85 58 55 i Vw a ^ E ¥ s 

lKL!UU»iai» 

53 rS§iii 5 S p I?'S 5 ! 5555 !^B 

■rwfc-B^a ^fcita«ji aaaaaaSdiiiaf H 
^^HHflBIBBBliaiBIIMHMB 

HipiBlBBliaBBIIIIBI BBBPBBiH 

\ruZmrnm~*m99* m SI aii*a mmumm mmmma bibib b bR i mmmmm mwmmrn 
ftiiLiui ■■ iMBBBiaBirmBBBfln ■ ■ ■«« 512 52S5 5 5122 

Up nifiwuwfuii fL-mnm pppm iiiii MBU iiHf bmp 

PP— ———BS——— ————— —— 

|BW— HW 


pinaiii A 

Ess:rfl 

KRSSHHISii 


mm 


mm** i iba«bi m mmmmm mm 


I ISB BflBBfl I 


■ JB^I bbbmil 


am . 'f 

Ulft 1 IIBIRIMIBIBBBBI 

| 5 Sk» RR^«a ■ SB mm B ibbii 

kP&BII ^PB IBBIBB^^H 


mmmmmwmwm mfflBimm 


i^ESSB 


^BKESBBSB^BBBSBSSB'nSSS^SBEjii 

[ik:;^«»r:s^besbsrb:: 

■ap^L'flll Tifif L«VIMl»BB>HBBBaM 

B : :jKja%KjK5s:. i SKBKSS 
P=*'9 

Isa tkpitp 

fcswaaaaasa^i; bsbbbbsbbbss 

^i*S!BSra&'K BBSKiiB 

■■Kbv BBB umiHHVHnimi ■«■***«•»> f*«d 

[sunsltRtt 


m3 SSSiBSmm SSSVal 


issss: 


;:ss»:nu»: 



;mssa!SBBia: 

iPPPPPBPPPPPPPMH ipsna 


IK 5 SH 

luisa 

RVkP| 

wni 

wmi 

irwiilp|t^WllllIWlwwllTTWwPI 8 ll| 

» ■■■ iBtiaB^ MaB iBBBB Pm aik’PBi pjppg piill flari 
■KPJdPWPi V l gg a PPPPP PBPP P'.liiBI NRBPUnPRI 

m.....H......mmg tW wni«ii«iy!a 


M 


■ BPBBBP— BBBIBm>PB PP— ■ 

IfimSSBwww— m ap -maB 




l^a»iaa!!!B!BffimiaaigBBB8gmss 


ebbs: 


IH ■■■ ■■ mmmmm m ■■■ inn | 

saa n ffiBKisai 

m^mmi 


■BBS! 

■ Wi MWHilWiM 

■ ■#■■■ IBM BPi 



SQUME 10 l 10 rt) THE HALF IJJM AS - 1113 Of 


1 GRAPH PAPER I GRAPHIC CONTROLS CORPORATION Buffalo, New York 


■n ■■ ■■■»■■■ a a HHMBIPV 

I mmmmmmummm iiBBi ii 

I ■•!■■■*■ BBPBBW 


csss: k::: sss insist 

bW* * ■■■■■■SSSSiSH BSK Si** fBS * 5 ■* t iiitl a iaaa s siisss sggss 

M WW— «W 

MiiiiufmiiMniiamiiiiiittimiiHiiiiifliiiiiiuiiiAHaanMvmaSDiHn 

BIS B B&ratlRH BBftfl ftitltHt MISigHI ] 


iiiliii 


SSSi 


SSSSsSSjellftllSllil 


I raiuimi asm 

■feMIMIlMVlMIki ■■■■■ 
MKBBHaaBMai 





s^s m 


isai 


!■» ■■■»' 9 an® 

Mum — BWI 

E»gl g j if ig if fig ■■■ — ■■■— mmmmm 

■■■■ifi 


itlsusuiiRiasiKu;: 


liJMMimil 

Inilta* ^a H ■**] 
hi, 7 ! 

I mmmmm mmwwm bbm* mmmmmm 

Kr ^*pb * ,ih« hui iiiS SSmi 

kliiMBIBHB Kgia— 


suites: 


paiHifNik 
I lillB^llHl 

::::::::: 

linikLiima 

lampakiMar* 


■ a pmmmn im mma 
I iina 

LiKausiS 

■ «■■■■ T«a«a mb 

mm 

piiiliiigj 

l»««aitiBBB 

!■■ ibb^bbbb 
I ppBBPa^aaa 


| » •’■■■■» BHNB 
I innkwuiip 


iliii 

mmsm 


Itimi 

liffiti 

lirmi 


kiMli 

KraBRMaii 
WIU B MBfl I 

■■■■mil 


BuiiiiaiiUKi 

••■•■nnunm iuiii 

aasma ^a 

nna ’*?«!■ mSS 9 

■»g#« w lim Bamgad 


tmMMi 

■ mSSSS » vSBSMSya [ 

■ pnaa a^aaaa tii i E 

■■■■■■ tlHHIH | 

■■■■■■ ®ppaaim«M| 

I::::!:;::::::::: 


ili 


llllll 





was: 




■Hiitss: 

Kls^a::ai: 
:::::: 






■MHifi 

eitss: 

siissxs 



iiaiaag 

ianBffiM 

— ■ hbimi rnCmmma 

iilMiiiii 

! 5 S 2 S 



IP 






GRAPH paper ! GRAPHIC CONTROLS CORPORATION Buffalo, Nrw YotT 


mfflfflmmmwm mmwmwmMm 

wmmmmmmmmmmzmtzm 


SQUARE tO * 10 TO THE CENTIMETER AS ROM- 


iiSlSSiPll!Siil&!^! 


m\ 


I ■■ ■■ HM W mmM MM* ?***•«( MM RtfMMMPBMM* 
I iiiiinlfi ■■■■■■■■■■ imitNia ■■■■■■*»*■ 

» rkhk issrss 


M'ilO; nr«EIEE2 

I jjj 555SSSS! jmi?l!!iimSS5jjj|g^p3 
N*«SS5HS!8 Si s ^38* 85883 855 SI 8SK3 — SI 

kisiiiUii 

«■■■■■■■■ !■■■ a nUMIHIWU T«fRl.flJ| 

|:;: :: ;;n: : :::! iir^: ::::; staiaa ikicseui bsssss g : 

m i Mffifflm 

I !:Ei 

I. MHUIIlfi ■■■■', !■■■■■■■■■■■* HPIMliil 



iS% 


• »**« NMJM* «»M 

SSSisiianli 

ISO! 

asset 

SC SB 
::::: 

HtSi 

iusniiiis 

■ ■■■■■■ll Cl 

■MPWTWf P'fi 

fjl: 

ni" 

■tea 

■ ■■ 

HI 

iii 

ifgjBfign—gH 

iiHi 

RUT 

sacs 

Sot 

n 

«K 1 

■'g«« 


sj ::5 


All 

Si 

IU 6 i finiMit Bf 
iHirinniUtfl 

stmt cssi sun 


snm>n 


LnKiS»3ii:t!K!t&SKs£sSS£Si 


RtTrTsiw»a*i . ■■ ! ■ . ■ *b 

htisas |||| iirtajtaK^sjsggl 


UHnitafli 

■ ■■■•*■■■■ SI 

I«mmh*mmmB a imun 

ISSSSSSSSS ■ Si SS M i 
hs8::sssE28ii:::sEsczHss:::K:| 
lus:iz::s!s!:s::s:n!38ss!:s^: 


Biilliiiiiilliliiiiii 

s aa— gsss pggg 


mal 
ssaaasss 

IpBHgBa 

HP" 


an 

IBSS 




got SMPHSSiSSStiySH I 

iii'if V-’u | 

■ ■•■■■ mms S mmmmmcmms iitNawn mMPPPIP 

n : :: :: :::! : : "sir : s"< iricsrli-: “sseSSTs: HI 
I I: ::::::: : :: Eli ji isiji 1 :::; ES&£±ii 5Ssa!aS 






SgsgEHa 



R!:E!!!!!fEE!EEEE:iE!E!!EEE!E s E I :E s EEEE3EEn ( iEIiEEEi SEi SE : E ,, :El 
I iaiseis iii HE:: EEEtt Eiiii isEsiisiii Siaii liiEEiice EE SnSuti iiiii I 

mmB mm mma am m 

I :::::::::: susa asas: him ihj i sen am mnnra raiaEsraiinil 
lH=:i==aE::l:E:5=:=::n:;aE:r::nE::E I 

I eeee: eke; ::ss: sees;::::; sun eeeeeeeee: ss gas jagf! 

mmmummni 

l ir a lilsi iniiaiBOimmisSiiS^ffi^B 

i«niU, T «!SiWHiai ihhm|S«uSh 

■ ■ !■■■ mmmma »■■■ ■■'iBaimiiuHi imu iiiii iiin 

I ;:;:iii m »c : a:^i nwmsi isi; agfc ; i| 
lii t u'si iisn i iiHa Hus' 
li:ra;?sS iiiii 5 ^iiiaii££ 5 ii 55 »M 

Bhhhhv ummmmm . lBiiiiii ibiu ■■■nU 

e mmmmsl, 

nMiB' #•»■■■■■■■■■! ------ aj 

■ ■ i^iiiiiai ■■■■ ■ ■».'■■■ mm ■■■■■■■ ■«■■■■ 

l^"555BN5?Ei5SSk^imj^BwBwlSK«3|i CB Siiyjd 

ISi^iaa iaSiSiEiKaiESi^^SlSaa 
p esse i ?sm SB! HBE inn Hah tnaiiM 

■B«j ‘E:;a:| 5 » 5 wiit ijgf jpg 

liLilPjiiSliiiiS 

l:"Hbn!:::: sii 

I *«< 'pJI! Li';; 

nTSuTSS^ 

gaaa 

lu?:»:^8n:»b:nism«niipn| 

1 1' e :: sEs :ai ! J: sses sestrs § 

Ijcxj -v?; 

■ |l' ’-!■ 2 i»*» ll^LHItHinHlJ 

ssss: 

laciiiiaHJtiaaa i eaiiiir d 

iSaaSsswsSSSS** S 3 

liaSiSH 

Es: !!E iiHSSSHggjSyjSS j 

KIBIIIESUiSiEH 

KiEHEi :::!!: :i!a» 

h’c isjsi rap ess: esses] 

|Eaaua::E:::a3£:ESi!^!^^|^i 

I aiutiip EEEsHEEHgH ■■ 

I m::::;:: im 9 | 

I Ssel^ tgflgia igSggjKgn ■*^1 

B ESSE SSSSST ESSE ESSESKSI Sm iBEWISSESI^^^^^^^B^^B^^Bi^^B 
IfflBsaiMa;;;:: iuggeii ",i> .gaamiatt 
piEEEEEEEEEuEtEiEiESiiiniiiHRrati ■ 

ErEEEEEEEEEiiEEHIEEEaEiHiEEnEEnR^ 

|:hb! :::::::::: laaisa esk: ssa: a 

























SailME 10 X 1 C TO THE HALF INCH K- 1 UJUT 


r:s:s::s:::ixn»Eiiinnnnniifnuiuimiin«HK»sti«3asiR:::sH:ESK;ussi:aM:BH::s::HSBa: 

I a bbb ■■■■■■ an mm ■■■ mm bbbbb mm mmm aa bbbbb B aa bbbbb aaaniir>ii mim’* aaa lm mm tfdW mrnr.mm m i-*»i mmm aanr^r j wJ-.aa afl 

iKiSKasiEasiagKSasgSiKiaEssaaS ssgggBBisagiKKffiagsKiaaimaiittEtfEKiBiKtiniifaMS 

ggggggggginiHgggauggggHggKgugHai^^^^^^^^^Hiii^^^^^^^^^^H 



paiBumi^rararaasaaansBin 


KKHSR 

gifiKia 





■m HBoiMBaa aaniBiMBB laaaaflB 


Bsa^MSsaHiiSiissi 


Isa assa 

Iraaaaifl 

I 


■ ■■i an bibbb mmmmm mmm m m ■■■ 
■aaa aaa aaaaj aaaaa aa aaa aaa 

BtSaUliSHKI^M 


ieasigaaa 

" ***** — *F S 

MBa'BB 


SbUUgggaaas ! rsagaagsasEsgs^gasasagi 


mnsi 



N=g!SSH«^^SaS?!!5 5!S™™l 

PBa^RUSiSSiSBl^SHIBlI 

!■•■■■ ivriMk^iBB i t ■■■*■■■■ a nsi a 
m* mmm ^bbbb±bb 

hr::: 

■ ■■ M9 ■■■ 

FigggagaM 

b:Ep:i9 

■< kiaiiiiiBii 

Isssgggaan 

.u-WBSS 

Ks aaB^jgfiaBB 7 — — — — — — I 

!■ iiBiUiitJBiiii i ■■■ 

;a::^;tSENa:Bs:KjH3: snatingi 

Is ^B BB Btfifl^MBB I » BBI ■BBBBIBBBI BBBBBBBIBB 

rues ABaaisniiEiti ■ ■ i 

hhm ft aaaa a aa a ^aaaaaaaa a aaaa aaaaa a aaaa aa 
mm ir vH »*i«i r^nmn nan a aaaaaaaaa ann aa 

V^Ka mmmmm ?m aaa ti aaa mmmmm aaaaaaaaaa aaaaa aa 
I aaaaa aaa as ibbbbbb sbb bbbbb bbbbb saaaaaaaai aaaaa as 
laaBaa^afiaikaaBBaa »■«. ~bbbbbbbG iihhhhhhhi 




mssssskssess: gggaa&ai 

■ w aaaa aaaaa aaaaa naaa a mmmm a 
> mmmmm aaaaa aaa aa a aaaa aa aaa i 

■ '■■■■ aaaaaaaaaa a aaa aaaaaa ■ 

siiasgsasaga aaiBsas 

■sajaa aa aaa aaaaa aaaaaaaaaa ■ 
k^BUBBBBi: » aaa aaaaaaaaaaa 


if^aafl aanaa 


19 


as ks 

aafiaaa 

asas 


igaass 

■ riH^III 

;;&a: 


— inMa a— 

■ tKB aaaa aCSS BSS^StS 8 H wlWn ^nnBi^ 3 BBM^LaaasBaaaSa^HSa 8 H 8 BSSBSBSBSBBSa 3 H 8888 S 


BlMMlKBaMHIl. 
mfil aaaaa bbbm 


■BBBBBBBBBBaBBBBBBRi rsaaaai 
^^aiiaaaai^aaa aa aa a lihbi 
a kin aaias ■ t aaa a aaa a bbbb a ■ 

|b BBB kJll B Bl 


iaa mmmmm aaaaa a aaaaaaagg mmmmm aaaaa aaaaa mmm a 

mmrm vBaaaaaa *BaaaaaaaBMMBaaaaBaaMB«aa 

Li«MBaaai«iigil 


::uk:«u»:ssscus«s:s:ss^ 

■ ■■■■■ MMiHHHaiiBa HI n amb n ■ 

■flBBBII 

■ IB BBI b lllllBIBhUBB IflHBIBBH IBBBB 
, aiki)««i. ktaar^BBii 'BitaBMU maa 
II IBIL ailBBfJHlL'BBB: ^BBBBBBBI BIBBB 
BLBBB* >IBUimrilHBIlllBB««| IHH 



halBk' »BBB»t^ BlBlItliB L^BKBM 

B ^HMkJC JBB 4 BBBBB 

■1 mmm rasas bbbbbh 

SLmww^wwwmmsMmmm ?iiaa » B B Uia 


1 1*111 f I’BVR 

I > l^b bb w# a b a B 

I .M.IBUItMiBB B< 


9 ll 99 iH 99 ! 

MWMMWmfmi 


lag:g^ag^aag^WTOM5™Bgr^B5iff"^ 
l:aa*a:: ^i:as: .‘fgasaa SKggaggggagaTiSaaraggs^ 

1 Sana !iiETp!i«S aiK! 55555 5555555555 555555555 ! SSSSj 55555 55555 JB 

MgKagssgaasaggga^asaasaagi gaB is aiSBBEaaairigsaaBaasaagsasig 
t * *. «sas i » ^saaassKg^^ ■ 

. msupi i^k* 

■BHkiiiHii''' 

piHiH 99 Sa 

IgggaMBgauaggaayiagsgagaBcSgEiaamaiMaaEgaBiiaiigTOiiaBaga 
iBsaggSElSgESgassSaa sggssga: sa rasa s x - ga B aS BS sggga 

s; asis sign; iMtgagg BfeJS 

E^i.^iB^ffiggggisgBs gaasaBga aKiaaasKga ^jMBigggg a agHiaaggg aggissg 
IgggaasaaaiiBsgiiHgganiaiBgat&ar.aafaanigKunagnsBgaia^ i i 

■Hm — — — — l awn ■»■■■■■■■■ —■«■■■) iwwlawm ww »ww w iw wm *«w — i ij 

SnSomii^Ki asasgagatagaBumi 

I ■■■■eipifi •■■■■ n mn-.jmum ■■ —p m a 


WMW IWUWI 

lanafeBBana 



gggtai 






KIRpI 

I gw an ■•<■■■ d 

lEaiattiHi 


\mm 


EaSSSSa SUSSSUSS 5a«na$ 

If 1 j==“ :■ si- ::=H EKlI a : 


liliiieiliilESi 

a!iiii^l;SES 3 Sgisy[|i[ 


IHHii 

hhke 


if 






•HE: 


listaaimit 

■ ■ *■■■■« Siaui 3 


WMmm 

[■fla affiSBi i 

j BBjn aren n mM g i a Ba i ■ 

IS&itffiUSSfflf! ! 


ill!li§imiliHiiii^§ii»ii 


liiSaajniniqijj 


iBBIRUifflSi 


I ii^lroly siir : ~ Ni I 

liBSSw"5{B*i55t«5S»«»{tS>?»KK?fi S?M iS£B rSS MS^J* -?2«a5 


lituMMii «<umu *»•*■ mmMUinniiHud 

I wm ■■■■■»— —■■■#■ §»■■>■ ■■■ « ■■iiiiiintHiiiiM^I 

|:^KK:iaas^i^^^ni«TOiiifl p 8 


lzzzz;z2nzzzzzzu^zuz:z^utz:z;z^2suimnmzusaamam\ 

l~BSm»S:H3S!mE:RH:inomSSmi!iiiimraimai 

bSHH 


M WIfi—ftiniMi 


IIMinHI ■■M1MIU ■■■MIMUIMlIlliM HrtHWtri *»»aan»n n 

::: i cnmii e i nt: :*is« r:::::: ::: ^sssssiBsssasl c 


aa«BRraMBMHK!isi 






SQUARE 10 > 10 TO W CEJiTINUM tf-MIHj-OT 


UBiinamaiBBH 

HiH-H-liSirKiil 


»:E:S»H!SESH»!FJS 3 SiSHi 

ksiiRniiiiaHGiRfflssissj 

•Si! : iiii 

I usi:s:n nssai 


BBHBE 
install 
ISyiiSSiSB 


mmmm 




mmmm\ 


m 


mmm 


I IHli SiH: :L:;j EH:! iSsSsq 

IllMlBIIHHIlOmBlUHIBIIIHNllBUIld 

I Uni l||S EiHr sitis ESr? KSia 5|I« | 

bMMMM mw WtHI ff«rWI«lfrw <>»■*■ rtwArmaJ 

ES&SIBIHSiSX 


ill; 


nil 




!is=s5= gg iiSiHHil 

wmmmmaum 

jgBBgBgggiiB 55 B 5 g 


loiii! ess:: 


iilPlsgj 


. iLiataaiaiiuk*. ****•■■■{ 

► iu.inniiiiaaiiiHiiBn 

■E! 5 SEE S ESI E i E SEES E22 ! » Rapi 

jjllllililli lliiiiPf 

uh! iii>i !•>■! !i !0 

I :i: 5^: :nc::s^ I 


aamaiBiis 


I!SS 


Hi:”:::: “i" 

[BkjaiiiHBiBKgaiBil 

1 


III 


warn 

IWBMlig i ! 

■ii’iiil 




Harass:: rsssiHs: 

"SSt'pHnnEHnmi 

!Sn 8 yS!u.wSffl( 


Issss: 


ISHHE 


BBflBBHilHB 

linniMBnB! 


BBS 


alii 


ill 


IfflSi 




SEKSE 

|[:^i 


IHli: ssrasraionainiftu;*'. in? r^sss S hh sar; !?!: 

msmsiwBBmwmm 




B 9 BR 


255252S 


aana 


I:::::::s:: 3 t 3 ::::u::r^:: 
iBBKiKiaB Eiia 

iSBKSSKKiH 


itsKs: 




i£i±iiiKn/L»i HHi lilU llllif ■!!! £ H0I 


KBUnSKBEISBSffi 


H h! 

I; 


::siii!s 












;g graph PAP£Rl entPHC CONTROLS OOPPOlW'ON e^ulc. Ne* York SQUME ID « 10 JO THE HAlf INCH AS-1113 DJ 






at graph paper! graphic controls corporation Buffalo. New York SflUlJE 10 X 10 10 THE HAtF INCH AS 1113 D1 

Prntao n. U S 4 


nurf tixtr n /£>a - . to aw 







Blllfijllill 


MWM 


»::::: 

as:i 



|:c::h| 

bbbbbbbeii 

gi;; 8 W» ijaa BiH H»i 


wmmmmmmmmmSamm 


9! 


iupjj 








:r»: 




-:- - a mo she WB 

inn Boss sissiSS iHHUi 

Mmmmmmmwmm 







I ii 

::a;icst »SM E«Tnl 

BSSKHIt EES ESI? 




M 








iHHSSi 

»::ft&na:i&se 





BB BBBSB^BBBgS 1 

Mill l II 1 1 I II B 

BBBBBBBBBB 




BBSS 

:ss ks= r»bsb iosis: urn hsr i 

BaammaiDBawBafflaiBB 

fea=5igmsimig^sga^msig« 5|^gMi^5^iwMmr^?jBijiii 


(3 O ?/$*./.) 






SaUARE 10 MO 10 IKE HALF INCH AS- 1 113 -01 








